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(2) Method of and apparatus for measuring spectral absorption in opaque specimens and method of and 
apparatus for measuring microscopic absorption distribution. 

(5?) For measuring spectral absorption characteristics of an opaque specimen, apparatus of Fig. 4 
comprises a variable wavelength laser which can continuously emit monochromatic light over a wide 
spectral range, a beam converter 11 positioned to convert light from the laser into parallel rays, a beam 
splitter BS positioned to produce from the beam (i) rectilinear light which strikes a specimen 20 which 
transmits light, e.g. a dilute suspension or translucent biological specimen, which scatters the light, the 
forward component of which is combined with the incident light by a half-mirror HM, and (ii) reflected 
light which passes through a shifter AO where its frequency is slightly changed before being 
recombined with the forward scattered light in a detector 2 which can be a highly directional detecting 
system or a heterodyne system, which are further described (Figs. 1 to 3). 

For measurement of absorption of a specimen within a scattering medium, the final light path is 
modified by altering the position of the half-mirror (HM) and of the specimen 21, which is placed behind 
a sample of the medium N2, so that the light passing through the medium is reflected by the specimen 
and again through the medium and then combines with the forward scattered light at the half-mirror 
and passed to the detector. 

Several other arrangements of the components of the apparatus are shown, for measuring various 
types of specimen which absorb or scatter light, including some which use a Michelson light-receiving 
system for a reflecting specimen, or a highly directional optical system. 

For measuring spectral absorption characteristics of a reflecting specimen when the intensity of the 
reflection component of incident light is high, the regular reflection component is removed in apparatus 
(Figs. 10 and 11) by means of a beam trap BT which receives light from the specimen 21 via an angled 
mirror M5. 

Other apparatus can measure either transmission or reflection spectral absorption characteristics in a 
microsized region (Figs. 12 and 13) and including Cassegrain reflection optical systems disposed 
confocally and having a pin-hole P at the confocal point, from which the scattered light extracted 
passes to a detector 2. 

Modifications of the apparatus allow a microscopic absorption distribution in an opaque specimen to 
be measured, by changing the relation between the specimen and the beam of directional parallel light, 
so as to apply incident light to a very small point region corresponding to a 0-order difraction 
component (Figs. 15A to 17). 

The spectral absorption characteristics of a specimen are thus measured with high accuracy and 
simply and without picking up extraneous scattered light, and the invention is especially useful for 
examination of specimens of animal tissue. 
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The present invention relates to a method of and 
apparatus for measuring spectral absorption in scat- 
tering objects, e.g., suspensions or powders, and, 
more particularly, to a method of and apparatus for 
measuring spectral absorption characteristics of a 
component transmitted or reflected in a specific direc- 
tion when a beam is applied to a specimen from a 
specific direction. 

The present invention also relates to a method of 
and apparatus for measuring a microscopic absorp- 
tion distribution of opaque speciments, e.g., biological 
specimens and, more particularly, to a method of and 
apparatus for measuring a microscopic absorption 
distribution, wherein unnecessary scattered light is 
removed to improve the resolution so that it is possible 
to accurately measure absorption in a very small reg- 
ion of a specimen. 

Since the discovery of X-rays, techniques of 
externally observing the inside of a living body (e.g.. 
human body) without damaging it (i.e., a bloodless or 
non-destructive measuring method) have been much 
required and developed in the field of biology, particu- 
larly in the medical field. These techniques employ 
gamma rays and X rays, which have the shortest 
wavelengths among the electromagnetic waves, and 
radio waves, which have the longest wavelengths 
among them. The technique that employs the former 
has already been put to practical use as X-ray CT, and 
the technique that employs the latter as NMR-CT 
(Magnetic Resonance Imaging, i.e., MRI). 

On the other hand, fewer attempts have been 
made to apply spectroscopy that deals with the 
measurement and analysis of ultraviolet, visible, near 
infrared and infrared spectra, which is widely 
employed in the fields of physics and chemistry, to in 
vivo measurement. This is because biometry that 
employs light, particularly the one that utilizes the pro- 
cess of absorption or emission of light has many prob- 
lems left unsolved in terms of "quantttativeness", 
which is the most basic matter. This is the reason why 
reproducibility is inferior and reliability is low in regard 
to the absolute values obtained in measurement that 
is conducted at the present time by using, for 
example, an apparatus that measures reflected 
spectra with a solid-state device, or a highly sensitive 
TV camera. 

In a case where light is applied to a scattering 
object such as an organic tissue, if the light is received 
face to face at 180°, it is possible to take out rec- 
tilinearly propagating light to some extent. However, 
the spatial resolving power is not very high in the pre- 
sent state of art. 

The difference in the spatial resolving power be- 
tween X-rays and light cannot be made up in the pre- 
sent state of art. However, employment of light rays, 
particularly near infrared rays will enable imaging of a 
tissue oxygen concentration from the hemoglobin in 
the blood. These light rays will give information which 



is different from that obtained by other techniques 
such as NMR-CT and X-ray CT. 

As for relatively thin tissues with a thickness of 3 
to 5cm, it is possible to detect light transmitted 

5 thereby. This means that "photo-roentgenography" 
can be used for diagnostic purposes. Women's 
breasts have relatively homogeneous tissues and 
hence readily transmit light, and it is easy to detect the 
light transmitted thereby (thickness: up to about 3cm) 

10 owing to their configuration. For this reason, "photo- 
roe ntge nog raphy" has been employed for a medical 
examination for breast cancer for a long time under 
the name of "diaphanography (lightscanning)". 

Under these circumstances, the present inventor 

15 disclosed that a plane wave mixed in scattered light 
can be separated therefrom for observation by detect- 
ing only the 0-order spectrum (corresponding to the 
first dark ring of an Airy's disk) of the Fraunhofer dif- 
fraction image (Airy's disk) of the plane wave and, by 

20 so doing, most of the scattered light can be removed. 
See, for example, Japanese Patent Applications Nos. 
01-62898 (1989), 01-250034 (1989) and 02-77690 
(1990). More specifically, when only a 0-order 
Fraunhofer diffraction pattern of a plane wave as sig- 

25 nal light is to be detected, the degree of separation of 
incoherent scattered light from the plane wave is 
given by (scattering intensity)/(transmitted plane 
wave intensity) =(X/Dr) 2 

In other words, the larger the beam diameter or 

30 the entrance aperture diameter Dr of a highly direc- 
tional detecting system, e.g., a heterodyne light- 
receiving system, a Michelson light-receiving system, 
a highly directional optica! system, etc., in comparison 
to the wavelength X, the more the scattered light 

35 attenuates, and the more the scattered light can be 
separated from the plane wave. As one example of a 
highly directional optical system used to realize such 
observation, the present inventor proposed an optical 
system comprising two pinholes and P 2 which are 

40 spaced apart from each other, as shown in Fig. 27. 
This optical system is arranged such that 0-order light 
is detected by a detector 23 through the pinhole P 2 . 
The present inventor also proposed a highly direc- 
tional optical system comprising a hollow, straight, 

45 long and thin glass fiber 35 the inner wall surface of 
which is coated with a light absorbing material, e.g., 
carbon, as shown in Fig. 28. Further, the present 
inventor proposed various highly directional optical 
systems such as those shown in Figs. 29 to 36: a 

50 highly directional optical system (Fig. 29) comprising 
an objective lens Ob and a pinhole P that is disposed 
on the focal plane thereof to pass only a 0-order 
Fraunhofer diffraction pattern formed by the objective 
lens Ob; a highly directional optical system (Fig. 30) 

55 comprising a graded-index lens GL and a pinhole P 
(similar to that shown in Fig. 29) that is disposed on 
the focal plane at one end of the graded-index lens 
GL; a highly directional optical system (Figs. 31 and 
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32) in which the pinhole P is replaced with an optical 
fiber SM that functions in the same way as the pinhole 
P; a highly directional optical system (Figs. 32 and 35) 
in which an objective lens Ob2 which is similar to an 
objective lens Ob1 at the entrance side is disposed at 5 
the exit side of the pinhole P or the optical fiber SM in 
the above-described highly directional optical sys- 
tems; and a highly directional optical system (Figs. 34 
and 36) in which a graded-index lens GL2 which is 
simBar to a graded-index lens GL1 at the entrance 10 
side is disposed at the exit side of the pinhole P or the 
optical fiber SM. 

Incidentally, there are known methods of measur- 
ing absorption in opaque specimens, for example, the 
opal glass method in which a rectilinear component 15 
and a transmission and scattering component of a 
specimen that causes scattering are uniformly scat- 
tered by use of opaJ glass to measure a transmission 
integral extinction of the specimen [see, for example, 
Kazuo Shibata "Photobiology Series: Introduction to 20 
Spectral Measurement", pp.62-82 (June 20, 1976, 
Kyoritsu Shuppan K.K.)]. Heterogeneous systems 
such as suspensions of particles, for example, cells, 
granules or solid power, absorb and scatter light in 
general. Accordingly, it is difficult to obtain only 25 
absorption wavelength characteristics of such 
heterogeneous systems. For this reason, it is conven- 
tional practice to obtain a quantity with which real 
absorption wavelength characteristics can be 
approximated. More specifically, a transmission inte- 30 
gral extinction is obtained to replace absorption. The 
transmission integral extinction is the cologarithm of 
the ratio of a bundle of light rays attenuated by both 
absorption and scattering to the incident light rays, 
which is not coincident with absorption character- 35 
istics, in general. In order to enable the transmission 
integral extinction to be approximated to real absorp- 
tion characteristics as much as possible, if parallel 
transmitted rays and scatteringiy transmitted rays are 
detected at the same capturing rate by a detector, the 40 
effect of scattering on the ratio of the light rays 
becomes small. As a method for this purpose, the opal 
glass method has been put to practical use. In addi- 
tion, the transmission integrating sphere method, 
photoelectric surface contact method, etc. have been 45 
put to practical use as methods of minimizing the 
effect of scattering by capturing the entire transmitted 
rays comprising parallel transmitted rays and scatter- 
ingiy transmitted nays. A method that utilizes both the 
contact and scattering methods jointly has also been 50 
employed as an intermediate method between the 
detection of parallel transmitted light rays and scatter- 
ingiy transmitted light rays at the same capturing rate 
and the detection of the entire transmitted light rays. 

Meantime, a measuring method such as that 55 
shown in Fig. 37 has heretofore been employed to 
measure a microscopic absorption distribution in a 
specimen that causes scattering. More specifically, 



light from a light source that emits light over a wide 
spectral range is passed through an interferometerfor 
Fourier spectroscopy and then sent to either a trans- 
mission optical path or a reflection optical path 
through a transmission/reflection switching mirror. If 
the transmission opticai path is selected, the illuminat- 
ing fight is condensed to a very small point on a speci- 
men placed on a specimen table through a lower 
Cassegrain system that functions as a condenser 
lens. Light that is transmitted through the measuring 
point and light that is forward ly scattered at the 
measuring point are focused on an aperture through 
an upper Cassegrain system that functions as an 
objective lens, and the light that passes through the 
aperture is made incident on a detector to measure 
absorption characteristics at the measuring point. 
Thus, it is possible to measure a transmission micro- 
scopic absorption distribution in the specimen by 
repeating measurement similar to the above with the 
specimen table being scanned in directions X and Y. 
If the switching mirror is changed over to the reflection 
optical path, the illuminating light is condensed to a 
point on the specimen through the upper Cassegrain 
system, and light that is reflected and scattered back- 
wardly from the measuring point is focused on the 
aperture through the same upper Cassegrain system. 
Thus, a reflection microscopic absorption distribution 
in the specimen can be measured in the same way as 
the above. 

Fig. 38 shows another conventional microspec- 
troscopic method that employs a combination of an 
optical microscope and a spectrophotometer to 
observe an absorption spectrum of a very small reg- 
ion. Light from a light source t is formed into monoc- 
hromatic light through a spectroscope m<) to illuminate 
a diaphragm (pinhole) p. With the diaphragm p 
defined as a light source of a microscope system, light 
is passed through an illuminating microscope mi. In 
consequence, a reduced image of the diaphragm p is 
formed on a specimen plane s. This image is enlarged 
through another microscope m 2 and led to a detector 
d. If a specimen is placed at the position s where the 
reduced image of the diaphragm is formed, it is poss- 
ible to measure absorbance of only a local region in 
the specimen. 

Incidentally, if the same measuring method that is 
used for a specimen that causes no scattering is 
employed to obtain an absorption spectrum of a 
specimen that causes scattering, the effect of scat- 
tering is large, so that it is impossible to obtain an 
accurate absorption spectrum. As techniques of 
measuring absorption in opaque specimens, methods 
wherein a transmission integral extinction is 
measured by use of opal glass or an integrating 
sphere, are known, as described above. 

The above-described conventional methods, 
however, suffer from problems stated below; (1) the 
opal glass method involves the disadvantage that the 
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light scattering power undesirably changes in accord- 
ance with wavelength; (2) the transmission integrating 
sphere method involves the disadvantage that a white 
reflecting material in the integrating sphere greatly 
decreases in reflectivity at a short wavelength, par- 
ticularly near the ultraviolet region, even in the case 
of MgO powder, which is known as the best reflecting 
material, so that no reliable data can be obtained; (3) 
the photoelectric surface contact method that 
employs two detectors involves difficulty in obtaining 
the same wavelength sensitivity characteristics, 
whereas the photoelectric surface contact method 
that employs a single detector involves difficulty in ins- 
talling a specimen and a control within a limited space; 
and (4) the method that employs both the contact and 
scattering methods jointly suffers from the problem 
that it is necessary to properly select the size of a 
specimen and the distance and size of the detector, 
although it is superior to the former three methods. 

In addition, the four conventional methods involve 
the common disadvantage that there are cases where 
a transmission integral extinction measured cannot 
be approximated to the absorption wavelength of sus- 
pended particles. More specifically, as the intensity of 
reflected rays increases, it becomes impossible to 
make approximation. When the scattering spatial pat- 
tern that is formed by a specimen depends upon 
wavelength, the wavelength change of scatteringly 
transmitted rays becomes different from that of the 
scatteringly reflected rays, so that no approximation 
can be made. In addition, it is difficult to perform 
absorption measurement that provides spatia! resolv- 
ing power such as specifies a location of absorption. 
Although the conventional methods are usable for 
measurement of absorption in sparse heterogeneous 
systems such as dilute suspensions, these methods 
cannot be applied to measurement of absorption in 
dense translucent objects such as biological speci- 
mens when scattering is so strong that the relation- 
ship of Kubelta-Munk is valid. 

The microspectroscopic measuring method for 
infrared region that employs a Fourier spectroscope 
and the microspectroscopic measuring method for 
visible region that employs a diffraction grating spec- 
troscope, which have been described above, have no 
measures taken to deal with opaque specimens that 
cause scattering and therefore involve large errors in 
the measurement of such specimens, so that no reli- 
able data can be obtained. In other words, since 
unnecessary scattered light mixes in from the sur- 
roundings including the front and rear of the measur- 
ing point, it is impossible to measure accurate 
absorption characteristics. In addition, since 
Fraunhofer diffraction patterns other than the 0-order 
diffraction pattern enter the objective lens, the resol- 
ution is limited. The measuring method that is a simple 
combination of the measuring method employing opal 
glass or an integrating sphere, developed as a 



method of measuring absorption in opaque speci- 
mens, and the microspectroscopic measuring method 
involves the problem that the detected signal light is 
weak so that it is difficult to effect measurement, and 
5 it cannot therefore be put to practical use. Even if the 
detection sensitivy is improved markedly, since the 
method that employs opal glass or an integrating 
sphere is merely an approximation method, it cannot 
be used for a specimen for which approximation can- 
to not be made when the intensity of reflected rays is 
high or when the wavelength change of scatteringly 
transmitted rays is the same as that of scattering ref- 
lected rays, due to large errors. Even if such a 
measuring method can be used, the spatial resolving 
15 power is reduced. Thus, there is not yet a proper 
measuring method for an absorption spectrum in a 
very small region of an opaque specimen that causes 
scattering. 

Thus, it is a first object of the present invention to 

20 provide a method of and apparatus for measuring 
spectral absorption characteristics by removing scat- 
tered light rays in a scattering object, for example, a 
suspension or organic tissue, as much as possible 
and capturing parallel rays of a component transmit- 

25 ted or reflected in a specific direction (i.e.. rectilinear 
component rays). 

It is a second object of the present invention to 
provide a method of and apparatus for measuring a 
microscopic absorption distribution, wherein 

30 unnecessary scattered light is removed to improve 
the resolution so that it is possible to accurately meas- 
ure absorption in a very small region of an opaque 
specimen, for example, an organic tissue. 

To attain the first object, the present invention 

35 provides a method of measuring spectral absorption 
in an opaque specimen, comprising the steps of: 
illuminating a scattering specimen with highly direc- 
tional light of variable wavelength from a specific 
direction; capturing parallel rays of a component 

40 transmitted or reflected in a specific direction (i.e., 
rectilinear component rays); and detecting the inten- 
sity of only the parallel rays by use of a highly direc- 
tional detecting system, thereby measuring spectral 
absorption characteristics of the specimen. 

45 The specific direction in which the intensity is 

detected by the highly directional detecting system 
may be either a direction for detection of light trans- 
mitted by the specimen or a direction for detection of 
light reflected and scattered by the specimen. 

so In addition, the present invention provides a first 

apparatus for measuring spectral absorption in an 
opaque specimen, comprising: a monochromatic light 
source capable of varying the wavelength of light 
emitted therefrom; means for dividing the light from 

55 the light source into two light beams; means for shift- 
ing the frequency of incident light, the shift means 
being provided in the optical path of one of the two 
light beams; a scattering specimen disposed in the 
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optica! path of the other fight beam; means for com- 
bining together highly directional light emerging from 
the frequency shift means and a beam of parallel rays 
(rectilinear component rays) emerging from the speci- 
men in a specific direction and projecting the resulting 
composite light in the same direction; and means for 
converting the composite light from the beam combin- 
ing means into an electric signal and detecting the in- 
tensity of only an AC component which is equal to the 
shifted frequency. 

In addition, the present invention provides a sec- 
ond apparatus for measuring spectral absorption in an 
opaque specimen, comprising: a monochromatic light 
source capable of varying the wavelength of light 
emitted therefrom; means for dividing the light from 
the light source into two light beams; means for 
changing the optical path length at a predetermined 
speed, the optical path length changing means being 
provided in the optical path of one of the two light 
beams; a scattering specimen disposed in the optical 
path of the other light beam; means for combining 
together highly directional light emerging from the 
optical path length changing means and a beam of 
parallel rays (rectilinear component rays) emerging 
frorn the specimen in a specific direction and project- 
ing the resulting composite light in the same direction; 
and means for converting the composite light from the 
beam combining means into an electric signal and 
detecting the intensity of only an AC component of a 
frequency corresponding to the optical path length 
changing speed. 

In addition, the present invention provides a third 
apparatus for measuring spectral absorption in an 
opaque specimen, comprising: a monochromatic light 
source capable of varying the wavelength of light 
emitted therefrom; a scattering specimen disposed in 
the optical path of light emitted from the light source; 
a highly directional optical system for extracting par- 
allel rays (rectilinear component rays) emerging from 
the specimen in a specific direction; and means for 
detecting the intensity of light extracted by the highly 
directional optical system. 

The third measuring apparatus may further com- 
prise switching means which is provided in the optical 
path of light emitted from the light source to switch 
over two optical paths from one to the other, the two 
optical paths being coaxial but opposite to each other 
in the direction of travel of light, the highly directional 
optical system being disposed in the coaxial optical 
paths, and the scattering specimen being disposed at 
one side of the highty directional optical system, 
thereby taking out light transmitted through the speci- 
men in a specific direction or light reflected and scat- 
tered by the specimen in a specific direction from the 
other side of the highly directional optical system. 

In any of these apparatus, transmission integral 
extinction can be obtained by defining the intensity of 
light transmitted through the specimen or reflected 



thereby in a specific direction as a signal light intensity 
and defining the whole or part of the illuminating light 
as a reference light intensity. When a highly direc- 
tional detecting system is employed, the intensity of 
5 part of the illuminating light beam is detected to obtain 
a reference light intensity, and a light intensity that is 
detected by use of the highly directional detecting sys- 
tem is defined as a signal intensity, thereby obtaining 
a transmission integral extinction by use of the refer- 
to ence light intensity and the signal intensity. When a 
heterodyne light-receiving system or a Michel son 
light-receiving system is employed, with light from the 
scattering specimen being cut off, the intensity of 
highly directional light emerging from the frequency 

15 shift means or the optical path length changing means 
is detected to obtain a reference light intensity, and 
light obtained from the beam combining means is con- 
verted into an electric signal and an AC component 
which is equal to the shifted frequency or an AC com- 

20 ponent of a frequency corresponding to the optical 
path length changing speed is defined as a signal in- 
tensity obtained from the specimen, thereby obtaining 
a transmission integral extinction by use of the refer- 
ence light intensity and the signal intensity. 

25 To attain the second object, the present invention 

provides a method of measuring a microscopic 
absorption distribution in an opaque specimen, com- 
prising the steps of: illuminating a very small measur- 
ing point on a specimen with condensed light of high 

30 directivity; converting light diverging from the measur- 
ing point into parallel rays; detecting the intensity of 
only the parallel rays by use of a highly directional 
detecting system; and repeating the detecting oper- 
ation with the specimen being scanned relative to the 

35 condensed light, thereby measuring absorption dis- 
tribution characteristics of the specimen. 

in this case, if the illuminating region is restricted 
by disposing a pinhole in extremely close proximity to 
the measuring point, the pinhole being smaller than 

40 the size of a 0-order Fraunhofer diffraction pattern of 
the condensed light, it is possible to effect micros- 
copic absorption distribution measurement of higher 
resolution. 

It is also possible to effect microscopic absorption 
45 distribution measurement by use of light of variable 
wavelength as the light of high directivity. 

If an excited light cut-off filter is inserted in the 
optical path that extends from the measuring point to 
the detecting system to cut off light of the same 
so wavelength as that of the illuminating light, it is poss- 
ible to measure a microscopic fluorescence distribu- 
tion in the specimen. 

The arrangement may be such that the intensity 
of part of the light beam applied to the specimen is 
55 detected to obtain a reference light intensity, and a 
light intensity that is detected by use of the highly 
directional detecting system is defined as the intensity 
of signal light from the specimen, thereby obtaining a 

6 
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transmission integral extinction by use of trie refer- 
ence light intensity and the signal intensity. 

In addition, the present invention provides a first 
apparatus for measuring a microscopic absorption 
distribution in an opaque specimen, comprising: a 5 
monochromatic light source capable of varying the 
wavelength of light emitted therefrom; means for divi- 
ding the light from the light source into two light 
beams; means for shifting the frequency of incident 
light, the shift means being provided in the optical path 10 
of one of the two light beams; a confocal optical sys- 
tem comprising two convergent optical systems, the 
confocal optical system being disposed in the other 
optical path; a specimen disposed at a position where 
light is condensed by the confocal optical system, the is 
specimen being capable of being scanned relative to 
the confocal optical system; means for combining 
together highly directional light emerging from the fre- 
quency shift means and light diverging from a measur- 
ing point on the specimen and converted into parallel 20 
rays by the confocal optical system and projecting the 
resulting composite light in the same direction; and 
means for converting the composite light from the 
beam combining means into an electric signal and 
detecting the intensity of only an AC component which 25 
is equal to the shifted frequency. 

In addition, the present invention provides a sec- 
ond apparatus for measuring a microscopic absorp- 
tion distribution in an opaque specimen, comprising: 
a monochromatic light source capable of varying the 30 
wavelength of light emitted therefrom; means for divi- 
ding the light from the light source into two light 
beams; means for changing the optical path length at 
a predetermined speed, the optical path length chang- 
ing means being provided in the optical path of one of 35 
the two light beams; a confocal optical system com- 
prising two convergent optical systems, the confocal 
optical system being disposed in the other optical 
path; a specimen disposed at a position where light is 
condensed by the confocal optical system, the speci- 40 
men being capable of being scanned relative to the 
confocal optical system; means for combining 
together highly directional light emerging from the 
optical path length changing means and light diverg- 
ing from a measuring point on the specimen and con- 45 
verted into parallel rays by the confocal optical system 
and projecting the resulting composite light in the 
same direction; and means for converting the compo- 
site light from the beam combining means into an 
electric signal and detecting the intensity of only an so 
AC component of a frequency corresponding to the 
optical path length changing speed. 

In addition, the present invention provides a third 
apparatus for measuring a microscopic absorption 
distribution in an opaque specimen, comprising; a 55 
monochromatic light source capable of varying the 
wavelength of light emitted therefrom; a confocal opti- 
ca! system comprising two convergent optical sys- 
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terns, the confocal optical system being disposed in 
the optical path of light emitted from the light source; 
a specimen disposed at a position where light is con- 
densed by the confocal optical system, the specimen 
being capable of being scanned relative to the con- 
focal optical system; a highly directional optical sys- 
tem arranged to extract only light traveling in the 
direction of travel of light diverging from a measuring 
point on the specimen and converted into parallel rays 
by the confocal optical system; and means for detect- 
ing the intensity of light extracted by the highly direc- 
tional optical system. 

The third measuring apparatus may further com- 
prise: switching means which is provided in the optical 
path of light emitted from the light source to switch 
over two optical paths from one to the other, the two 
optical paths being coaxial but opposite to each other 
in the direction of travel of light; the confocal optical 
system being disposed in the coaxial optical paths; 
means for taking out light transmitted through the 
specimen or light reflected and scattered by the speci- 
men, the means being disposed at one side of the 
confocal optical system; and the highly directional 
optical system being disposed in the rear of the light 
taking-out means. By so doing, it is possible to meas- 
ure absorption distribution characteristics of both light 
transmitted through the specimen and light reflected 
and scattered thereby with a single apparatus. 

In addition, the present invention provides a 
fourth apparatus for measuring a microscopic absorp- 
tion distribution in an opaque specimen, as a modifi- 
cation of the first measuring apparatus, which 
comprises: a monochromatic light source capable of 
varying the wavelength of light emitted therefrom; 
means for dividing the light from the light source into 
two light beams; means for shifting the frequency of 
incident light, the shift means being provided in the 
optical path of one of the two light beams; a first con- 
vergent optical system disposed in the other optical 
path to illuminate a very small measuring point on a 
specimen with condensed light of high directivity; a 
specimen disposed at a position where light is con- 
densed by the first convergent optical system, the 
specimen being capable of being scanned relative to 
the first convergent optical system; a second conver- 
gent optical system arranged to illuminate the speci- 
men with highly directional light emerging from the 
frequency shift means in the form of the same conver- 
gent spherical wave as that obtained from the first 
convergent optical system; means for combining 
together light emerging from the frequency shift 
means and light diverging from the measuring point 
on the specimen and converted into parallel rays by 
the second convergent optical system and projecting 
the resulting composite light in the same direction; 
and means for converting the composite lightfrom the 
beam combining means into an electric signal and 
detecting the intensity of only an AC component which 
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is equal to the shifted frequency. 

In any of these apparatus, transmission integral 
extinction can be obtained by defining the intensity of 
parallel rays (rectilinear component rays) transmitted 
through the specimen or parallel rays (rectilinear com- 
ponent rays) reflected thereby in a specific direction 
as a signal light intensity and defining the whole or 
part of the illuminating light as a reference light inten- 
sity. When a highly directional detecting system is 
employed, the intensity of part of the illuminating light 
beam is detected to obtain a reference light intensity, 
and a light intensity that is detected by use of the 
highly directional detecting system is defined as a sig- 
nal intensity, thereby obtaining a transmission integral 
extinction by use of the reference light intensity and 
the signal intensity. When a heterodyne detecting 
system or a Michelson detecting system is employed, 
with light from the scattering specimen being cut off, 
the intensity of onty highly directional light emerging 
from the frequency shift means or the optical path 
length changing means is detected to obtain a refer- 
ence light intensity, and a beat component in the 
heterodyne detecting system orthe Michelson detect- 
ing system is defined as a signal light intensity, 
thereby obtaining a transmission integral extinction by 
use of the reference light intensity and the signal light 
intensity. 

Thus, according to the method of and apparatus 
for measuring a spectral absorption in an opaque 
spedrnen, a scattering specimen is illuminated with 
highly directional light of variable wavelength from a 
specific direction, thereby removing scattered rays as 
much as possible, and thus detecting the intensity of 
only parallel rays of a component transmitted or ref- 
lected in a specific direction (i.e., rectilinear compo- 
nent rays) by use of a highly directional detecting 
system, for example, a heterodyne light-receiving 
system, Michelson light-receiving system, highly 
directional optical system, etc. It is therefore possible 
to measure spectral absorption characteristics of a 
scattering specimen with high accuracy without pick- 
ing up scattered light in other undesired directions nor 
other noise light In addition, the measurement of the 
control is exceedingly simplified in comparison to the 
conventional method and thus the measurement is 
extremely faciitated. Thus, the method and apparatus 
of the present invention are suitable for measuring 
spectral absorption of a component transmitted or ref- 
lected in a specific direction in not only sparse 
heterogeneous systems having spatial resolving 
power, for example, suspensions, organic tissues, 
etc., but also dense translucent objects. 

According to the method of and apparatus for 
measuring a microscopic absorption distribution in an 
opaque specimen, a very small measuring point on a 
specimen is Illuminated with a condensed light of high 
directivity, and light that diverges from the measuring 
point is converted into parallel rays, or left as it is in 



the form of a spherical wave, and then detected by 
use of a highly directional detecting system, for 
example, a heterodyne light-receiving system, 
Michelson light-receiving system or highly directional 
5 optical system. It is therefore possible to measure 
absorption in a very small region of a spedrnen with 
high resolution without picking up scattered light from 
the surroundings of the measuring point nor other 
noise light. Thus, the method and apparatus of the 
10 present invention are suitable for measurement of a 
microscopic absorption distribution in an opaque 
specimen, for example, an organic tissue. 

The invention will be further described by refer- 
ence to preferred embodiments thereof as shown in 
is the accompanying drawings, wherein: 

Fig. 1 is a view to explain the arrangement and 
operation of a heterodyne light-receiving system 
as one highly directional detecting system which 
is utilized in the present invention; 
20 Fig. 2 is a view to explain the arrangement and 

operation of a Michelson light-receiving system 
as another highly directional detecting system; 
Fig. 3 shows the arrangement of a typical highly 
directional optical system as still another highly 
25 directional detecting system; 

Figs. 4 and 5 show the arrangements of embodi- 
ments of the spectral absorption measuring 
apparatus employing a heterodyne light-receiv- 
ing system according to the present invention, 
30 which are applied to a transmitting specimen and 

a reflecting specimen, respectively; 
Figs. 6 and 7 show arrangements of embodi- 
ments of the spectral absorption measuring 
apparatus employing a Michelson light-receiving 
35 system according to the present invention, which 

are applied to a transmitting specimen and a ref- 
lecting specimen, respectively; 
Figs. 8 and 9 show arrangements of embodi- 
ments of the spectral absorption measuring 
40 apparatus employing a highly directional optical 

system according to the present invention, which 
are applied to a transmitting specimen and a ref- 
lecting specimen, respectively; 
Figs. 10 and 11 show arrangements of embodi- 
es ments of the spectral absorption measuring 
apparatus according to the present invention, 
which are applied to a reflecting specimen; 
Figs. 12 to 14 show specific examples of 
apparatus for measuring spectral absorption 
so characteristics in a micro size region of a speci- 
men; 

Fig. 15A is a view for explanation of the arrange- 
ment and operation of a high-resolution detecting 
system employing a heterodyne light-receiving 
55 system, which is employed in the method of and 

apparatus for measuring a microscopic absorp- 
tion distribution in an opaque specimen according 
to the present invention; 
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Fig. 15B shows a modification of the high-resolu- 
tion detecting system shown in Fig. 15A; 
Fig. 16 is a view for explanation of the arrange- 
ment and operation of a high-resolution detecting 
system employing a Michelson light-receiving 5 
system, which is employed in the method of and 
apparatus for measuring a microscopic absorp- 
tion distribution in an opaque specimen according 
to the present invention; 

Fig. 17 is a view for explanation of the arrange- 10 
ment and operation of a high-resolution detecting 
system employing a highly directional optica! sys- 
tem, which is employed in the method of and 
apparatus for measuring a microscopic absorp- 
tion distribution in an opaque specimen according 15 
to the present invention; 

Fig. 18 shows the arrangement of one embodi- 
ment of the microscopic absorption distribution 
measuring apparatus employing a heterodyne 
light-receiving system according to the present 20 
invention, which is applied to a transmitting speci- 
men; 

Fig. 19 shows the arrangement of one embodi- 
ment of the microscopic absorption distribution 
measuring apparatus, which is formed by modify- 25 
ing the apparatus shown in Fig. 18 so that it is 
applicable to a reflecting specimen; 
Fig. 20 shows the arrangement of one embodi- 
ment of the microscopic absorption distribution 
measuring apparatus employing a Michelson 30 
light-receiving system according to the present 
invention, which is applied to a transmitting speci- 
men; 

Fig. 21 shows the arrangement of one embodi- 
ment of the microscopic absorption distribution 35 
measuring apparatus, which is formed by modify- 
ing the apparatus shown in Fig. 20 so that it is 
applicable to a reflecting specimen; 
Figs. 22 and 23 show the arrangements of embo- 
diments of the microscopic absorption distribu- 40 
tion measuring apparatus employing a highly 
directional optical system according to the pre- 
sent invention; 

Figs. 24 to 26 show specific examples of 
apparatus for measuring microscopic absorption 45 
distribution characteristics of a specimen accord- 
ing to the present invention; 
Figs. 27 to 36 show the arrangements of highly 
directional optical systems proposed by the pre- 
sent inventor prior to this application; 50 
Fig. 37 shows the arrangement of a conventional 
apparatus for measuring microscopic absorption 
distribution, which employs a Fourier spectro- 
scope; and 

Fig. 38 shows the arrangement of a conventional 55 
apparatus for measuring microscopic absorption 
distribution in a very small specimen, which 
employs a diffraction grating spectroscope. 



A heterodyne light-receiving system has heretof- 
ore been known as a means for detecting coherent 
light with high sensitivity. As shown schematically in 
Fig. 1, a heterodyne light-receiving system 3 is 
arranged such that light of a specific frequency a> n 
from a laser 1 is split by a beam splitter BS into two 
light beams, that is, one that travels rectilinearly and 
the other that is reflected from the beam splitter BS, 
and a specimen S is inserted in the path of the rec- 
tilinear light. The reflected light is passed via mirrors 
M1 and M2 and then combined with the rectilinear 
light by a half-mirror HM, and the resulting composite 
light is then photoelectricafly converted in a detector 
2. If a frequency shifter AO, for example, an ultrasonic 
light modulator, is inserted in the path of the reflected 
light to shift the frequency to w 2 , a beat signal of an 
observable frequency, i.e., a difference between the 
two frequencies o-, and <o 2 . appears from the detector 
2. The intensity of the AC component of the beat sig- 
nal is proportional to the transmittance of the speci- 
men S. Accordingly, it is possible to detect a weak 
signal transmitted through the specimen S. In the 
heterodyne light-receiving system 3, the light compo- 
nent that is scattered by the specimen S in a direction 
different from the direction of the reflected light (i.e., 
the light of frequency a> 2 ; hereinafter referred to as 
■reference light" in some cases) does not overlap with 
the reference light on the detecting surface of the 
detector 2, so that no beat signal is generated 
thereby, and it is detected as merely a DC component. 
Thus, the heterodyne light-receiving system 3 func- 
tions as a highly directional detecting system which is 
capable of readily removing such a scattering compo- 
nent and detecting only a light component that travels 
in the same direction as the reference light as well as 
detecting a weak signal as described above. Accord- 
ingly, the present invention makes use of the nature 
of the heterodyne light-receiving system 3 as a highly 
directional detecting system. 

In addition, a Michelson light-receiving system is 
well known as a means capable of detecting a very 
small change in the refractive index or the like. In a 
Michelson light-receiving system 4, as shown in Fig. 
4, light from a laser 1 is split by a beam splitter BS into 
two light beams, one of which is reflected from mirrors 
M1 and M2 while being transmitted through a speci- 
men S inserted in the path of the reflected light, and 
the transmitted light is combined with rectilinear light 
(described later) by a half-mirror HM. The rectilinear 
light (hereinafter referred to as "reference light") that 
is transmitted through the beam splitter BS passes 
through the half-mirror HM and strikes upon a moving 
mirror M that is moved as shown by the double-hea- 
ded arrow in the figure. The light is reflected in the 
reverse direction and combined by the half-mirror HM 
with the light transmitted through the specimen S, and 
the resulting composite light is photoelectrically con- 
verted in a detector 2. The detector 2 outputs a signal 
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upon which is superposed an interference signal the 
frequency of which corresponds to the speed of the 
moving mirror M. The intensity of the AC component 
of the output signal is proportional to the transmit- 
tance of the specimen S, and the phase of the signal 5 
depends upon the thickness or refractive index of the 
specimen S. The Micheison light-receiving system 4 
is also capable of detecting a very small change in the 
refractive index or the like in the same way as the 
above-described heterodyne light-receiving system 10 
3. In addition, since the light component that is scat- 
tered by the specimen S in a direction different from 
the direction of the reference light does not overlap 
with the reference light on the detecting surface of the 
detector 2, no beat signal is generated thereby and 15 
the scattered light is detected as merely a DC compo- 
nent Thus, the Micheison light-receiving system 4 
also functions as a highly direction al detecting system 
which is capable of readily removing such a scattering 
component and detecting only a light component that 20 
travels in the same direction as the reference light as 
well as detecting a weak signal as described above. 
Accordingly, the present invention makes use of the 
nature of the Micheison light-receiving system 3 as a 
highly directionai detecting system. 25 

Incidentally, it can be said that both the 
heterodyne light-receiving system 3 and the Michel- 
son light-receiving system 4 detect the intensity of the 
light transmitted or scattered by the specimen S on 
the basis of the same principle. This point will be 30 
briefly explained below. Assuming that the reference 
light which is to be combined is V 2 and the light trans- 
mitted or scattered by the specimen S (hereinafter 
referred to as "specimen light" in some cases) is V 1t 
these two light waves are expressed as follows: 35 

V 1 = A^xrf-Ka^t + 0i)] 

V 2 = A2exp[-i(o>2t + 0J] 
When these two light waves and V 2 are observed 
(detected) in a superposed state, the detected signal 
S is given by 40 

S = | V, + V 2 1 2 = VrV/ + V 2 -V 2 * + V r V 2 * + VSV 2 
Because 

VrV^A,*, V 2 .V 2 * = Aa2 

and 

V,V 2 * = At A 2 exp{-Ka> 1 -<i> 2 )t-K0i-0 2 )] 45 
Vi*V 2 = A, A^xrf + Kco 1 Kt> 2 )t + K01-C2)] 
V r V 2 * + Vf'V 2 = 2A 1 A 2 cos[(Q> 1 -G> 2 )t + (0^] 
the detected signal S is given by 

S = Ai 2 + A 2 2 + 2A, A 2 cos[(o) 1 -w 2 )t + (01-02)] 
Since c^^-Aca and 0i=e 2 are valid in the 50 
heterodyne light-receiving system 3, the detected sig- 
nal S is given by 

S = A^ + A2 2 + 2A n AzCOsAcot 
Thus, the amplitude A 1 of the specimen light V, can 
be known from the size of the AC component of the 55 
detected signal. 

Similarly, since <d 1 =o 2 and 02^+kt in the Michel- 
son light-receiving sytem 4, the detected signal S is 



given by 

S = A t 2 + A 2 2 + 2A 1 A2COskt 
Thus, it is possible to obtain a signal similar to that in 
the case of the heterodyne light-receiving system 3. 
More specifically, the heterodyne light-receiving sys- 
tem 3 and the Micheison light-receiving system 4 simn 
lariy enable the amplitude of the specimen light V! 
to be known from the size of the AC component of the 
detected signal. 

According to the present invention, the 
heterodyne light-receiving system 3 and the Michel- 
son light-receiving system 4 are employed as a highly 
directional detecting system, and in addition to them, 
the highly directional optical systems exemplarily 
shown in Figs. 26 to 36 are employed. Further, it is 
also possible in the present invention to employ a mul- 
tiple beam highly directional optical system which 
comprises a bundle of such highly directional optical 
systems. For details, see the above-mentioned 
Japanese Patent Application No. 02-77690 (1990). 
Fig. 3 shows a highly directional optical system 5 as 
a representative of those highly directional optical 
systems, which comprises an objective lens Ob1 on 
the incidence side, a pinhole P that is disposed on the 
focal plane of the objective lens Obi to pass only a 0- 
order Fraunhofer diffraction pattern formed by the 
objective lens Ob1 , and a similar objective lens Ob2 
that is disposed so that its front focal point is coinci- 
dent with the pinhole P (the illustrated highly direc- 
tional optical system 5 is the same as the optical 
system shown in Fig. 33). However, it should be noted 
that the highly directional optical system 5 is not 
necessarily limitative to that shown in Fig. 3. 

Opaque specimens which may be first type of 
objects of the spectral absorption measurement in the 
present invention are not those which block incident 
light completely and do not transmit it forwardly, but 
sparse heterogeneous systems such as dilute sus- 
pensions, e.g., biological specimens, and also speci- 
mens such as dense translucent biological 
specimens, in which substantially no light is transmit- 
ted directly therethrough without being scattered, but 
light that is multiple-scattered forwardly by scattering 
fine particles in the specimen emerges therefrom. It is 
a matter of course that a specimen which transmits 
light directly therethrough can be employed as an 
object of the measurement A second type of objects 
of the measurement in the present invention are those 
which cut off the incident light substantially com- 
pletely and reflect as well as scatter it only back- 
wardly, such as powder specimens. The former 
specimens will hereinafter be referred to as "transmit- 
ting specimens", and the latter specimens as "reflect- 
ing specimens". 

One embodiment of the method of and apparatus 
for measuring spectral absorption characteristics of 
an opaque specimen according to the present inven- 
tion will be described below. 
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Figs. 4, 6 and 8 schematically show apparatuses 
for measuring spectral absorption characteristics of a 
transmitting specimen 20, and Figs. 5, 7 and 9 to 11 
schematically show apparatuses for measuring spec- 
tral absorption characteristics of a reflecting speci- 5 
men 21. 

The measuring apparatus that is shown in Fig. 4 
employs the heterodyne light-receiving system 3 as a 
highly directional detecting system to take out only 
light that is scattered in a specific forward direction by 10 
the transmitting specimen 20, thereby measuring 
spectral absorption characteristics of the specimen 
20. For such measurement, a variable wavelength 
laser 10 that can continuously emit monochromatic 
light sweepingly over a wide spectral range is 15 
employed as a monochromatic light source. A beam 
converter 1 1 is disposed in front of the laser 10 to con- 
vert a beam of light emitted from the laser 10 into a 
beam of parallel rays having a proper diameter. The 
light beam emerging from the beam converter 11 is 20 
split by a beam splitter BS into two light beams, that 
is, rectilinear light and reflected light. The rectilinear 
light strikes upon the transmitting specimen 20, in 
which it is subjected to multiple scattering and thus 
scattered forwardly in an isotropic manner, in general. 25 
in the forward scattered light, slight parallel rays (rec- 
tilinear component) which are in the same direction as 
the direction of the incident light are combined with the 
reference light by a half-mirror HM. The reference 
light, that is, the light reflected from the beam splitter 30 
BS, is passed through a frequency shifter AO, e.g., an 
ultrasonic light modulator, where the frequency is 
slightly changed, before the above-described combi- 
nation of light. When the reference light is photoelec- 
trically converted after being combined with the 35 
specimen light, a signal containing an AC signal of a 
frequency corresponding to a difference in frequency 
between the reference light and the specimen light is 
output from a detector 2. Since the size of the AC com- 
ponent of the signal obtained from the detector 2 is- 40 
proportional to the amplitude of the specimen light, 
the AC component is separated from the output of the 
detector 2 to obtain from the size of the AC component 
relative transmission characteristics or absorption 
characteristics in accordance with the wavelength of 45 
the incident light. The direction of the scattered light 
that is combined with the reference light does not 
necessarily need to be the same as that of the light 
incident on the specimen 20. In the absorption spec- 
trum measured in this way, the light intensity changes so 
in general as the wavelength of the laser 10 is swept. 
Therefore, when a highly directional detecting system 
is employed, part of the illuminating light beam is 
taken out, that is, a half-mirror is inserted in between 
the laser 1 and the specimen S, for example, in the 55 
arrangement shown in Fig. 3, to detect the intensity of 
the output laser light. When a heterodyne detecting 
system is employed, a light cut-off element is inserted 
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in the rear of the speciment 20 in Fig. 4 to monitor the 
intensity of the laser output in the detector 2. It is also 
possible to instal a light intensity monitoring detector 
(not shown) in the rear of the half-mirror HM in Fig. 4. 

Fig. 5 shows a reflection type apparatus for 
measuring spectral absorption characteristics in a 
specific direction of a specific specimen within a scat- 
tering medium, the apparatus being formed by mod- 
ifying the apparatus employing the heterodyne 
light-receiving system 3 shown in Fig. 4. In this case, 
no specimen is disposed immediately behind the 
beam splitter BS, but the directional position of the 
half-mirror HM is changed and a scattering medium 
NZ (schematically shown) is disposed at a position 
where light that has been transmitted through the 
beam splitter BS and the half-mirror HM passes. In 
this arrangement, a specific specimen 21, which is 
schematically shown in the rear of the scattering 
medium NZ, reflects the forward scattered light in the 
reverse direction, and the reflected light is transmitted 
through the scattering medium NZ again in the 
reverse direction so that the reflected light that has 
been transmitted in this way is combined with the 
reference light by the half-mirror HM. This arrange- 
ment is particularly effective when the thickness of the 
scattering medium NZ is small and the proportion of 
the directly transmitted component to the other com- 
ponents is high. 

Fig. 6 shows an apparatus to which the Michelson 
light-receiving system 4 shown in Fig. 2 is applied to 
measure spectral absorption characteristics of a 
transmitting specimen 20. In this arrangement, light 
that is emitted from a variable wavelength laser 10 is 
converted into a beam of parallel rays having a suit- 
able diameter through a beam converter 11 and is 
then split by a beam splitter BS into two light beams, 
that is, rectilinear light and reflected light A transmit- 
ting specimen 20 is inserted in the path of the reflec- 
ted light that is passed via mirrors M1 and M2, and the 
light that is transmitted through the specimen 20 while 
being scattered is combined with the reference light 
by a half-mirror HM. The reference light that is trans- 
mitted through the beam splitter BS is further transmit- 
ted through the half-mirror HM to strike upon a moving 
mirror M that is moved as shown by the double-head 
arrow in the figure. The reference light that is reflected 
from the mirror M in the reverse direction is combined 
with the specimen light by the half-mirror HM, and the 
resulting composite light is photoelectrically conver- 
ted in a detector 2, from which is obtained a signal 
having an interference signal superposed thereon, 
the frequency of the interference signal correspond- 
ing to the speed of the moving mirror M. Since the in- 
tensity of the AC component of the signal output from 
the detector 2 is proportional to the intensity of the 
light scattered in the transmitting specimen 20, spec- 
tral absorption characteristics can be obtained from 
the intensity of the AC component by sweeping the 
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wavelength of the variable wavelength laser 10. 

Fig. 7 shows an arrangement employing the 
Michelson light-receiving system 4, which is adapted 
for reflecting specimens. The figure schematically 
shows a specific spectral reflecting specimen 21 in a 
scattering medium NZ. More specifically, the scat- 
tering medium NZ is disposed at a position where light 
reflected from a beam splitter BS passes. The speci- 
men 21, which reflects the forward scattered light in 
the reverse direction, is schematically shown in the 
rear of the scattering medium NZ. The scattered light 
is transmitted through the scattering medium NZ 
again in the reverse direction and is then combined 
with the reference light reflected from the moving mir- 
ror M by the beam splitter BS. This arrangement is 
effective when the thickness of the scattering medium 
NZ is small and the proportion of the directly transmit- 
ted component to the other components is high, as in 
the case of the arrangement shown in Fig. 5. 

Figs. 8 and 9 show apparatuses employing the 
typical highly directional optical system 5 shown in 
Fig. 3 to measure spectral absorption characteristics 
in a specific direction of a scattering component in 
transmitting and reflecting specimens 20 and NZ, 
thereby extracting only a scattering component in a 
specific direction. The apparatus shown in Fig. 8 is 
arranged for transmitting specimens, and the 
apparatus shown in Fig. 9 for reflecting specimens. 
Light from a variable wavelength laser 1 0 is converted 
into a beam of parallel rays with a proper diameter 
through a beam converter 11. In the arrangement 
shown in Fig. 8, the beam of light strikes directly upon 
a transmitting specimen 20 and is forwardly transmit- 
ted therethrough while being subjected to multiple 
scattering and absorption. In the arrangement shown 
in Fig. 9, the beam of light strikes upon a scattering 
medium NZ (schematically shown) via a half-mirror 
HM and is reflected from a specimen 21 in accordance 
with the reflecting spectral characteristics thereof. In 
the case of Fig. 8, only a component scattered in a 
specific direction is extracted by a highly directional 
optical system 5, and the intensity of the extracted 
scattering component is detected by a detector 2. 
Accordingly, in the case of Fig. 8, the oscillation 
wavelength of the variable wavelength laser 10 is 
swept and the reflected light from a half-mirror (not 
shown) disposed in between the beam converter 1 1 
and the specimen 20 is detected to monitor the laser 
output thereby obtaining transmission integral extinc- 
tion. In the case of Fig. 9, the laser light that is reflec- 
ted from the half-mirror HM is detected (no detector 
being shown) to monitor the laser output thereby 
obtaining transmission integral extinction. It should be 
noted that in Fig. 9, the specimen 21, which reflects 
the forward scattered light in the reverse direction, is 
schematically shown in the rear of the scattering 
medium NZ shown schematically, in the same way as 
in the case of Figs. 5 and 7. More specifically, the scat- 



tered light is transmitted through again in the reverse 
direction and then reflected from the half-mirror HM in 
a direction different from the direction of the incident 
light, thereby extracting only a component scattered 

5 in a specific direction by the highly directional optical 
system 5. The rest of the arrangement is the same as 
in the case of the apparatuses shown in Figs. 4 to 7. 

The foregoing apparatuses are arranged to 
measure spectral absorption characteristics of a 

10 transmitting or reflecting specimen, and in the case of 
a reflecting specimen which reflects light strongly at 
the surface thereof, these arrangements can be rea- 
dily altered for this purpose. In the case of a reflecting 
specimen, however, when the intensity of the regular 

15 reflection component of the incident light is extremely 
high, the regular reflection component generally con- 
tains substantially no information about absorption 
characteristics in the vicinity of the surface of the ref- 
lecting specimen, and it is therefore necessary to 

20 remove the regular reflection component. Figs. 10 
and 11 exemplarily show apparatuses which are 
arranged to remove the regular reflection component. 
The apparatus shown in Fig. 1 0 is designed to extract 
a component scattered in a specific direction from a 

25 position in the vicinity of the surface of a reflecting 
specimen 21 by use of a highly directional optical sys- 
tem 5 as a highly directional optical system to thereby 
measure spectral absorption characteristics. In this 
apparatus, monochromatic light from a variable 

30 wavelength laser 10 is made incident on the surface 
of the reflecting specimen 21 through a mirror M4 at 
a certain angle with respect to the normal to the speci- 
men surface, so that the regular reflection component 
of the incident light is removed by a beam trap BT 

35 through a mirror M5. The apparatus shown in Fig. 11 
is designed to extract a component scattered in a 
specific direction from a position in the vicinity of the 
surface of a reflecting specimen 21 by use of a 
heterodyne light-receiving system 3 as a highly direc- 

4€ tional detecting system to thereby measure spectral 
absorption characteristics. In this apparatus also, a 
regular reflection component reflected from the sur- 
face of the specimen 21 is removed through a beam 
trap BT by an arrangement similar to that shown in 

45 Fig. 10. 

Next, some specific examples of apparatus for 
measuring spectral absorption characteristics in a 
micros ize region of a specimen will be briefly exp- 
lained. Fig. 12 schematically shows the arrangement 

so of an apparatus which is capable of measuring either 
transmission or reflection spectral absorption charac- 
teristics of a specimen S that is placed on a specimen 
table 13. In this apparatus, the course of monoc- 
hromatic light from a variable wavelength laser 10 is 

55 changed over from one to the other of two optical 
paths, that is, a transmission optical path shown by 
the solid lines and a reflection optical path shown by 
the chain lines, by a switching mirror MS. When the 
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solid-line optical path is selected, the light is passed 
via a mirror M7 and then converted into a beam of par- 
allel rays with a predetermined diameter by a beam 
converter 11 comprising Cassegrain reflection optical 
systems K3 and K4, which are disposed confocally. 
Then, the beam of light enters the specimen S, and 
the light that is transmitted through the specimen S 
while being scattered in a specific direction is extrac- 
ted by a highly directional optical system 5 comprising 
Cassegrain reflection optical systems K1 and K2, 
which are disposed confocally, and a pinhole P that is 
disposed at the confocal point. The scattered light 
thus extracted is then applied to a detector 2 via mir- 
rors M1 0 and M1 1 . Thus, spectral absorption charac- 
teristics of the transmission component of the 
specimen S can be obtained by sweeping the 
wavelength of the variable wavelength laser 1 0. If the 
switching mirror MS is changed over to the reflection 
optical path shown by the chain lines, the monoc- 
hromatic light from the variable wavelength laser 10 
is passed via a mirror M9 and reflected downwardly 
from a half-mirror HM. The reflected light then enters 
the specimen S after the beam diameter has been 
reduced through the highly directional optical system 
5 that functions as a beam converter 11 in this case. 
Only the light that is scattered completely backwardly 
from the specimen S is extracted by the highly direc- 
tional optical system 5, and the extracted light is then 
applied to the detector 2 via the half-mirror HM and the 
mirrors M10 and M11. Thus, spectral absorption 
characteristics of the reflection component of the 
specimen S can be obtained by sweeping the 
wavelength of the variable wavelength laser 1 0. When 
a backward scattering component of the specimen S 
other than the regular reflection component is to be 
extracted, light should be made incident on the speci- 
men S that is tilted properly. 

Fig. 13 shows an apparatus that employs the 
heterodyne light-receiving system 3 shown in Fig. 4, 
and Fig. 14 shows an apparatus that employs the 
Michelson light-receiving system 4 shown in Fig. 6. 
Since these apparatuses are modifications made sim- 
ply by arranging the corresponding apparatuses 
shown in Figs. 4 and 6 into a vertical form, no special 
explanation will be needed. It should be noted that in 
Fig. 14 a driving system 14 is provided to move a mov- 
ing mirror M along an optical axis. 

The following is a description of embodiments of 
the method of and apparatus for measuring a micro- 
scopic absorption distribution in an opaque specimen 
according to the present invention. 

The relationship between the specimen S and the 
beam of parallel rays in the highly directional optical 
systems 3, 4 and 5, as shown in Figs. 1 to 3, is 
changed to that in high-resolution detecting systems 
30, 40 and 50 arranged as shown in Figs. 15A to 17, 
thereby applying incident light to a very small point 
region that corresponds to a 0-order diffraction com- 



ponent of a Fraunhofer diffraction image formed by a 
lens, and thus making it possible to detect scattered 
light from only the very small point More specifically, 
a condenser lens L1 with a relatively large numerical 

5 aperture (NA) is interposed at the light entrance side 
of the specimen S such that the back focal point of the 
lens L1 is coincident with a measuring point on the 
specimen S, and an objective lens L2 with a relatively 
large numerical aperture (NA) is disposed such that 

10 the front focal point of the lens L2 is coincident with 
the back focal point of the condenser lens L1. With 
this arrangement, light from a laser 1 is applied to a 
very small point on the specimen S through the con- 
denser lens L1, and light emerging from the very small 

is point is converted through the objective lens L2 into 
parallel rays traveling in a predetermined direction. 
Thus, only the light traveling in this direction is detec- 
ted by a detector 2 on the principle of the highly direc- 
tional detecting system 3, 4 or 5. In this way t it is 

20 possible to detect scattered light only from a very 
small region corresponding to a 0-order diffraction 
component of a Fraunhofer diffraction image of the 
specimen S formed by a lens. Accordingly, employ- 
ment of the above-described high-resolution detect- 

25 ing system 30, 40 or 50 makes it possible to avoid 
mixing of unnecessary scattered light from the sur- 
roundings including the front and rear of the measur- 
ing point and also enables absorption characteristics 
of the specimen S to be measured with extremely high 

30 resolution. 

Fig. 15B shows a modification of the apparatus 
shown in Fig. 15A.ln Fig. 15A, light is applied to a very 
small point on the specimen S through the condenser 
lens L1, and the light emerging from this point is con- 

35 verted through the objective lens 12 into parallel rays 
(substantially plane wave) traveling in a predetermind 
direction before heterodyne reception. In Fig. 15B, 
however, the objective lens L2 is disposed in the opti- 
cal path of the light beam emerging from the fre- 

40 quency shifter AO, and the condenser lens L1 and the 
objective lens L2 are arranged such that diverging 
spherical waves from the respective focal points of the 
condenser and objective lenses L1 and L2 coincide 
with each other. In this way, heterodyne detection is 

45 effected by the detector 2. The arrangement shown in 
Fig. 15B is as effective as the arrangement in Fig. 15A 
because a beat component that is obtained by 
heterodyne detection in which light is converted into 
a plane wave through a lens is equal to that obtained 

50 by heterodyne detection based on a spherical wave, 
that is, conditions required for wavefront matching in 
these two heterodyne detection methos are equal to 
each other. 

In this case also, opaque specimens which may 
55 be first objects of the spectral absorption measure- 
ment in the present invention are not those which 
block incident light completely and do not transmit it 
forwardly, but sparse heterogeneous systems such 
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as dilute suspensions, e.g., biological specimens, and 
also specimens such as dense translucent organic 
specimens, in which substantially no light is transmit- 
ted directly therethrough without being scattered, but 
light that is multiple-scattered forwardly by scattering 5 
fine particles in the specimen emerges therefrom. It is 
a matter of course that a specimen which transmits 
light directly therethrough can be employed as an 
object of the measurement. Second objects of the 
measurement in the present invention are those 10 
which cut off the incident light substantially completely 
and reflect as well as scatter it only backwardly, such 
as powder specimens. The former specimens will 
hereinafter be referred to as "transmitting speci- 
mens", and the latter specimens as "reflecting speci- 15 
mens". 

Fig. 18 shows one embodiment of the apparatus 
for measuring a microscopic absorption distribution in 
an opaque specimen according to the present inven- 
tion. This embodiment employs the high-resolution 20 
detecting system 30 comprising a heterodyne light- 
receiving system, shown in Fig. 15A, to measure a 
microscopic absorption distribution in a transmitting 
specimen 20. For such measurement, a variable 
wavelength laser 1 0 that can continuously emit mono- 25 
chromatic light sweepingly over a wide spectral range 
is employed as a monochromatic light source. A beam 
of light emitted from the laser 10 is divided through a 
beam splitter BS into two light beams, that is, rec- 
tilinear light and reflected light The rectilinear light is 30 
condensed to a measuring point on the transmitting 
sr^ecimen 20 through a condenser lens L1, and the 
light transmitted through the specimen 20 while being 
scattered is converted into parallel rays through an 
objective lens L2 and then combined with reference 35 
light by a hatf-mkror HM. The reference light, that is, 
the light reflected from the beam splitter BS, is passed 
through a frequency shifter AO, e.g., an ultrasonic 
light modulator, where the frequency is slightly 
changed, before the above-described combination of 40 
light When the reference light is photoelectrically 
converted after being combined with the specimen 
light a signal containing an AC signal of a frequency 
corresponding to a difference in frequency between 
the reference light and the specimen light is output 45 
from a detector 2. Since the size of the AC component 
of the signal obtained from the detector 2 is pro- 
portional to the amplitude of the specimen light the 
AC component is separated from the output of the 
detector 2 to obtain from the size of the AC component so 
absorption characteristics at the measuring point 
Since the intensity of the specimen light changes in 
accordance with the absorption characteristics at the 
measuring point of the specimen 20, by scanning the 
specimen 20 by the operation of an X-Y scanning 55 
device XY, it is possible to measure an absorption dis- 
tribution over the scanned surface of the specimen 
20. rt is also possible to measure a spectral absorption 



distribution in the specimen 20 by measuring absorp- 
tion at each measuring point while sweeping the 
wavelength of the laser 10. In order to make the 
measuring resolution smaller than the size of the 0-or- 
der diffraction pattern of the Fraunhofer diffraction 
pattern formed by the lenses L1 and L2, the illumi- 
nated region may be restricted by disposing a pinhole 
plate PH which is smaller than the size of the 0-order 
pattern in extremely close proximity to the measuring 
point (the focal point of the (ens L1). In this case, the 
resolution improves, but the quantity of transmitted 
light decreases, disadvantageousiy. It should be 
noted that such a pinhole plate PH may be similarly 
disposed in embodiments described below. 

Fig. 19 shows an apparatus formed by modifying 
the apparatus employing the high-resolution detect- 
ing system 30, shown in Fig. 18, so as to measure a 
reflecting specimen 21 that causes scattering. In this 
case, a beam converter 1 1 is disposed in front of the 
laser 10 in order to convert a beam of light emitted 
from the laser 1 0 into a beam of parallel rays with a 
proper diameter. This beam converter 1 1 is, however, 
not always needed. In this arrangement the half-mir- 
ror HM shown in Fig. 18 is turned in the directional 
position, and a lens L that functions as both a conden- 
ser lens and an objective lens is disposed at a position 
where light from the laser 10 that is transmitted 
through the beam splitter BS and the half-mirror HM 
passes. The reflecting specimen 21 is disposed on 
the back focal plane of the lens L so that the reflected 
scattered light from the specimen 21 is combined with 
the reference light by the half-mirror HM. When a scat- 
tering medium NZ is schematically drawn as if it were 
present in front of the specimen 21, for example, as 
illustrated, the light scattered by the scattering 
medium NZ results in a DC component of the output 
from the detector 2. Thus, if the high-resolution 
detecting system 30 is employed, the scattered light 
is not detected as an AC component by the detector 
2. 

Fig. 20 shows an apparatus which employs the 
high-resolution detecting system 40 comprising a 
Michelson light-receiving system, shown in Fig. 16, to 
measure a microscopic absorption distribution in a 
transmitting specimen 20. In this apparatus, light that 
is emitted from a variable wavelength laser 10 is con- 
verted through a beam converter 11 into a beam of 
parallel rays with a proprer diameter and then divided 
through a beam splitter BS into two light beams, that 
is, rectilinear light, i.e., reference light, and reflected 
light. A condenser lens L1 and an objective lens L2 
are disposed confocally in the path of the reflected 
light that is passed via mirrors M1 and M2, and a 
transmitting specimen 20 is inserted at the confocal 
position. The light that is transmitted through the 
specimen 20 while being scattered is combined with 
the reference light by a half-mirror HM. The reference 
light, which is light passing through the beam splitter 
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BS, passes through the half-mirror HM to strike upon 
a moving mirror M that is moved as shown by the dou- 
ble-headed arrow in the figure. The reference light, 
which is reflected from the moving mirror M in the 
reverse direction, is combined with the specimen light 
by the half-mirror HM, and the resulting composite 
light is photoelectrically converted in a detector2. The 
detector 2 outputs a signal upon which is superposed 
an interference signal the frequency of which corres- 
ponds to the speed of the moving mirror M. Since the 
intensity of the AC component of the output signal is 
proportional to the intensity of the scattered light from 
the transmitting specimen 20, an absorption distribu- 
tion in the specimen 20 can be measured by obtaining 
the size of the AC component at each measuring point 
while scanning the specimen 20 by an XY scanning 
device XY. It is also possible to measure a spectral 
absorption distribution by obtaining an absorption dis- 
tribution while sweeping the wavelength of the vari- 
able wavelength laser 10. 

Fig. 21 shows an apparatus formed by modifiying 
the high-resolution detecting system 40 utilizing a 
Michelson light-receiving system so as to obtain an 
absorption distribution in a reflecting specimen 21. In 
this case, a lens L that functions as a condenser lens 
and an objective lens is disposed at a position where 
light reflected from a beam splitter BS passes, and a 
reflecting specimen 21 is disposed on the back focal 
plane of the lens L, so that the reflected and scattered 
light from the specimen 21 is combined by the beam 
splitter BS with the reference light reflected from a 
moving mirror M. 

Figs. 22 and 23 show apparatuses which employ 
high-resolution detecting system 50 employing the 
highly directional optical system 5, shown in Fig. 17, 
to measure an absorption distribution in a transmitting 
specimen 20 (Fig. 22) or a reflecting specimen 21 
(Fig. 23). In the apparatus shown in Fig. 22, an excited 
light cut-off filter 12 that passes only fluorescent light 
produced at a measuring point on the specimen 20 is 
inserted in the rear of an objective lens L2 to measure 
a microscopic fluorescence distribution in the speci- 
men 20. In the case of measurement of an absorption 
distribution, the excited light cut-off filter 12 is 
removed. In the measurement of a microscopic 
absorption distribution, light from a laser 10 is conver- 
ted through a beam converter 1 1 into a beam of par- 
allel rays with a proper diameter and is then 
condensed to a measuring point on the transmitting 
specimen 20 through a condenser lens L1. Light that 
is transmitted through the measuring point or scat- 
tered forwardly therefrom is converted into parallel 
rays through an objective lens L2 that is disposed 
such that its front focal point is coincident with the 
measuring point, and then separated in a highly direc- 
tional optical system 5 from light that travels in the 
other directions. Then, the intensity of the specimen 
light is detected by a detector 2. Accordingly, an 



absorption distribution in the specimen 20 can be 
measured by obtaining the intensity of light from each 
measuring point while scanning the specimen 20 by 
an XY scanning device XY. In this case also, a spec- 

5 tral absorption distribution can be measured by 
obtaining an absorption distribution while sweeping 
the wavelength of the variable wavelength laser 10. 
However, in a case where the excited light cut-off filter 
12 is inserted to measure a fluorescence distribution, 

10 the wavelength sweeping of the laser 10 is not con- 
ducted, or a fixed wavelength laser is employed in 
place of the variable wavelength laser 10. In the case 
of the apparatus for measuring an absorption distribu- 
tion in the reflecting specimen 21, shown in Fig. 23, a 

15 lens L that functions as both a condenser lens and an 
objective lens is disposed at a position where light 
transmitted through a half-mirror HM passes, and a 
reflecting specimen 21 is disposed on the back focal 
plane of the lens L. With this arrangement the light 

20 reflected and scattered from the reflecting specimen 
21 is converted into parallel rays through the lens L 
and then reflected by the half-mirror HM in a direction 
different from the direction of the incident light, 
thereby extracting only the light from the measuring 

25 point on the reflecting specimen 21 by a highly direc- 
tional optical system 5. The rest of the arrangement 
is the same as that shown in Fig. 22. 

Incidentally, the light intensity changes in general 
as the wavelength of the laser 1 0 is swept. Therefore, 

30 when a highly directional detecting system is 
employed, part of the illuminating light beam is taken 
out, that is, a half-mirror is inserted in between the 
laser 1 and the specimen S, for example, in the 
arrangement shown in Fig. 3, to detect the intensity of 

35 the output laser light. When a heterodyne detecting 
system is employed, a light cut-off element is inserted 
in the rear of the speciment 20 in Fig. 15A to monitor 
the intensity of the laser output in the detector 2. It is 
also possible to instal a light intensity monitoring 

40 detector (not shown) in the rear of the half-mirror HM 
in Fig. 15A. The light intensity detected in these ways 
is defined as the intensity of reference light, and the 
intensity of light transmitted through the specimen S 
or reflected in a specific direction is detected as the 

45 intensity of signal light by a highly directional detect- 
ing system or a heterodyne detecting system. With 
these values, a transmission integral extinction is 
determined to obtain an absorption spectrum of the 
specimen. This is a method that has already been 

so employed in the conventional method of obtaining an 
absorption spectrum of an opaque specimen or in the 
method of obtaining absorbance of a specimen that 
causes no scattering. 

Next, some specific examples of apparatus for 

55 measuring microscopic absorption distribution 
characteristics in a micros ize region of a specimen 
will be briefly explained. Fig. 24 schematically shows 
the arrangement of an apparatus which is capable of 
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measuring either transmission or reflection absorp- 
tion characteristics of a specimen S that is placed on 
a specimen table 13 capable of being scanned in 
directions X and Y. In this apparatus, the course of 
rnonochromatic fight from a variable wavelength laser 5 
10 is changed over from one to the other of two optical 
paths, that is, a transmission optical path shown by 
the solid lines and a reflection optica! path shown by 
the chain lines, by a switching mirror MS. When the 
aoikj-line optical path is selected, the light is passed 10 
via mirrors M3 and M4 and then condensed to a 
measuring point on a specimen S by a Cassegrain ref- 
lection optical system K1 that functions as a conden- 
ser lens L1. Light that is transmitted through the 
specimen S is converted into a beam of parallel rays 15 
by a Cassegrain reflection optical system K2 that 
functions as an objective lens and then passed via a 
mirror M6 to enter a highly direction ai optical system 
5 comprising, for example, an objective lens Ob and 
a pinhole P which is disposed at the focal point 20 
thereof, shown in Fig. 29. Light from points other than 
the measuring point is removed by the highly direc- 
tional optical system 5, and the intensity of light that 
represents absorption characteristics of the specimen 
Sis detected by a detector 2. Accordingly, a transmis- 25 
son absorption distribution in the specimen S can be 
measured by obtaining the intensity of light from each 
measuring point while scanning the specimen S in the 
directions X and Y. If the switching mirror MS is 
changed over to the reflection optical path shown by 30 
the chain lines, the monochromatic light from the vari- 
able wavelength laser 10 is passed via a mirror M5 
and reflected downwardly from a half-mirror HM. The 
reflected light is then condensed to a measuring point 
on the specimen S through the Cassegrain reflection 35 
optical system K2 that functions as both a condenser 
lens and an objective lens. Light that is scattered 
backwardly from the measuring point is converted into 
parallel rays through the Cassegrain reflection optica! 
system K2 and passed via the mirror M6 to enter the 40 
highly directional optical system 5 where light from 
points other than the measuring point is removed. 
Then, the intenrty of light that represents reflection 
absorption characteristics of the specimen S is detec- 
ted by the detector 2. Thus, a reflection absorption 45 
distribution in the specimen S can be measured by 
obtaining the intensity of light from each measuring 
point while scanning the specimen S in the directions 
X and Y, in the same way as the above. It is possible 
to measure a microscopic fluorescence distribution by so 
inserting an excited light cut-off filter 12 in the rear of 
the Cassegrain reflection optical system K2. Refer- 
ence numeral 15 in the figure denotes a chopper 
which is provided to remove noise by modulating the 
laser light applied to the specimen S by a predeter- 55 
mined frequency and effecting synchronous detec- 
tion. Reference numerals 14 and 16 denote an 
aperture and an eyepiece, respectively. 



Fig. 25 shows an apparatus that employs the 
high-resolution detecting system 30 composing a 
heterodyne light-receiving system, shown in Fig. 15A f 
and Fig. 26 shows an apparatus that employs the 
high-resolution detecting system 40 comprising a 
Michelson light-receiving system, shown in Fig. 16. 
Since these apparatuses are modifications made sim- 
ply by arranging the corresponding apparatuses 
shown in Figs. 1 5A and 1 6 into a vertical form, no spe- 
cial explanation will be needed. It should be noted that 
in Fig. 26 a driving system 17 is provided to move a 
moving mirror M along an optical axis. 

Although in the foregoing embodiments the vari- 
able wavelength laser 10 is assumed to be oscillating 
continuously, it should be noted that a variable 
wavelength pulsed laser may also be employed. It is 
particularly preferably to employ a variable 
wavelength pulsed laser in the case of a specimen 
whose properties change rapidly when laser light is 
applied thereto continuously. Although no special 
explanation has been made on the detector 2, any 
known detecting means may be employed. As 
another example of the method of processing a detec- 
ted signal, it is possible to modulate the intensity of the 
incident light by means of a chopper or the like and 
detect a signal by the phase lock technique. In this 
case, since the time constant in the detection of 
infrared is long, the synchronous modulation fre- 
quency needs to be lowered. It is also possible to 
employ synchronous signal integration detecting 
methods, e.g., a photon counting method (visible 
light) or charge storing method (infrared light), or a 
heterodyne beat signal detecting method. As to the 
frequency shifter, it is possible to employ not only 
those which employ ultrasonic light diffraction, e.g., 
an ultrasonic modulator, but also a combination of 
wave plates, a diffraction grating, or a frequency shif- 
ter that utilizes the electrooptic effect of a crystal. The 
reflecting mirror in the Michelson interferometer may 
be either moved at a constant speed or oscillated by 
saw-tooth wave. For heterodyne reception, it is also 
possible to employ two lasers, in addition to the 
above-described arrangement in which light from a 
single laser as a monochromatic light source is 
divided into two beams of light to form locally oscil- 
lated light. 

As has been described above, in the method of 
and apparatus for measuring spectral absorption in 
an opaque specimen according to one aspect of the 
present invention, a scattering specimen is illumi- 
nated with highly directional light of variable 
wavelength from a specific direction, thereby remov- 
ing scattered rays as much as possible, and thus 
detecting the intensity of only parallel rays of a com- 
ponent transmitted or reflected in a specific direction 
(i.e., rectilinear component rays) by use of a highly 
directional detecting system, for example, a 
heterodyne light-receiving system, Michelson light- 
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receiving system or highly directional optical system. 
It is therefore possible to measure spectral absorption 
characteristics of a scattering specimen with high 
accuracy without picking up scattered light in other 
undesired directions nor other noise light. In addition, 
the measurement of the control is exceedingly simpli- 
fied in comparison to the conventional method and 
thus the measurement is extremely facilitated. Thus, 
the method and apparatus of the present invention are 
suitable for measuring spectral absorption of a com- 
ponent transmitted or reflected in a specific direction 
in not only sparse heterogeneous systems having 
spatial resolving power, for example, suspensions or 
organic tissues, but also dense transparent objects 
that cause scattering to a substantial degree. 

In the method of and apparatus for measuring a 
microscopic absorption distribution in an opaque 
specimen according to another aspect of the present 
invention, a very small measuring point on a speci- 
men is illuminated with a condensed light of high 
directivity, and light that diverges from the measuring 
point is converted into parallel rays, or left as it is in 
the form of a spherical wave, and then detected by 
use of a highly directional detecting system, for 
example, a heterodyne light-receiving system, 
Michelson light-receiving system, highly directional 
optical system, etc. It is therefore possible to measure 
absorption in a very small region of a specimen with 
high resolution without picking up scattered light from 
the surroundings of the measuring point nor other 
noise light Thus, the method and apparatus of the 
present invention are suitable for measurement of a 
microscopic absorption distribution in an opaque 
specimen, for example, an organic tissue. 

Claims 

1. A method of measuring spectral absorption in an 
opaque specimen, comprising the steps of: 

illuminating a scattering specimen with 
highly directional light of variable wavelength 
from a specific direction; and 

detecting the intensity of only a component 
transmitted or reflected in a specific direction by 
use of a highly directional detecting system, 
thereby measuring spectral absorption character- 
istics of said specimen. 

2. The measuring method of Claim 1, wherein said 
specific direction in which the intensity is detected 
by said highly directional detecting system is a 
direction for detection of light transmitted by said 
specimen. 

3. The measuring method of Claim 1 , wherein said 
specific direction in which the intensity is detected 
by said highly directional detecting system is a 



direction for detection of light reflected and scat- 
tered by said specimen. 

4. An apparatus for measuring spectral absorption 
5 in an opaque specimen, comprising: 

a monochromatic light source capable of 
varying the wavelength of light emitted therefrom; 

means for dividing the light from said light 
source into two light beams; 

10 means for shifting the frequency of inci- 

dent light, said shift means being provided in the 
optical path of one of said two light beams; 

a scattering specimen being disposable in 
the optical path of the other light beam; 

15 means for combining together highly direc- 

tional light emerging from said frequency shift 
means and a beam of parallel rays (rectilinear 
component) emerging from said specimen in a 
specific direction and projecting the resulting 

20 composite light in the same direction; and 

means for converting the composite light 
from said beam combining means into an electric 
signal and detecting the intensity of only an AC 
component which is equal to the shifted fre- 

25 quency. 

5. An apparatus for measuring spectral absorption 
in an opaque specimen, comprising: 

a monochromatic light source capable of 
30 varying the wavelength of light emitted therefrom; 

means for dividing the light from said light 
source into two light beams; 

means for changing the optical path length 
at a predetermined speed, said optical path 
35 length changing means being provided in the opti- 

cal path of one of said two light beams; 

a scattering specimen being disposable in 
the optical path of the other light beam; 

means for combining together highly direc- 
40 tional light emerging from said optical path length 

changing means and a beam of parallel rays (rec- 
tilinear component) emerging from said specimen 
in a specific direction and projecting the resulting 
composite light in the same direction; and 
45 means for converting the composite light 

from said beam combining means into an electric 
signal and detecting the intensity of only an AC 
component of a frequency corresponding to the 
optical path length changing speed. 

50 

6. An apparatus for measuring spectral absorption 
in an opaque specimen, comprising: 

a monochromatic light source capable of 
varying the wavelength of light emitted therefrom; 
55 a scattering specimen being disposable in 

the optical path of light emitted from said light 
source; 

a highly directional optical system for ext- 
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racting light emerging from said specimen in a 
specific direction; and 

means for detecting the intensity of light 
extracted by said highly directional optical sys- 
tem. 

7. The measuring apparatus of Claim 6, further com- 
prising switching means which is provided in the 
optical path of light emitted from said light source 
to switch over two optical paths from one to the 
other, said two optical paths being coaxial but 
opposite to each other in the direction of travel of 
light, said highly directional optical system being 
disposed in the coaxial optical paths, and said 
scattering specimen being disposed at one side 
of said highly directional optical system, thereby 
taking out parallel rays (rectilinear component 
rays) transmitted through said specimen in a 
specific direction or parallel rays (rectilinear com- 
ponent rays) reflected and scattered by said 
specimen in a specific direction from the other 
side of said highly directional optical system. 

8. The measuring apparatus of any one of Claims 1 
to 3, 6 and 7, wherein the intensity of part of the 
illuminating light beam is detected to obtain a 
reference light intensity, and a light intensity that 
is detected by use of the highly directional detect- 
ing system is defined as a signal intensity of 
specimen light, thereby obtaining a transmission 
integral extinction by use of said reference light 
intensity and said signal intensity. 

9. The measuring apparatus of Claim 4 or 5, whe- 
rein, with light from said scattering specimen 
being cut off, the intensity of highly directional 
light emerging from said frequency shift means or 
said optical path length changing means is detec- 
ted to obtain a reference light intensity, and light 
obtained from said beam combining means is 
converted into an electric signal and an AC com- 
ponent which is equal to the shifted frequency or 
an AC component of a frequency corresponding 
to the optical path length changing speed is 
defined as a signal intensity obtained from said 
specimen, thereby obtaining a transmission inte- 
gral extinction by use of said reference light inten- 
sity and said signal intensity. 

10. A method of measuring a microscopic absorption 
distribution in an opaque specimen, comprising 
the steps of: 

illuminating a very small measuring point 
on a specimen with condensed light of high direc- 
tivity; 

converting light diverging from said 
measuring point in a specific direction into parallel 
rays; 



detecting the intensity of only the parallel 
rays by use of a highly directional detecting sys- 
tem; and 

repeating said detecting operation with 
5 said specimen being scanned relative to sakJ 

condensed light, thereby measuring absorption 
distribution characteristics of said specimen. 

11. The measuring method of Claim 10, wherein the 
10 illuminating region is restricted by disposing a 

pinhole in extremely close proximity to said 
measuring point, said pinhole being smaller than 
the size of a 0-order Fraunhofer diffraction pattern 
of said condensed light. 

15 

12. The measuring method of Claim 10 or 1 1, wherein 
said light of high directivity is light of variable 
wavelength. 

20 13. The measuring method of Claim 10 or 11, wherein 
an excited light cut-off filter is inserted in the opti- 
cal path that extends from said measuring point 
to said detecting system to cut off light of the 
same wavelength as that of the illuminating light 

25 to measure a microscopic fluorescence distribu- 

tion in said specimen. 

14. The measuring method of any one of Claims 10 
to 12, wherein the intensity of part of the light 

30 beam applied to said specimen is detected to 

obtain a reference light intensity, and a light inten- 
sity that is detected by use of the highly direc- 
tional detecting system is defined as the intensity 
of signal lightfrom said specimen, thereby obtain- 

35 ing a transmission integral extinction by use of 

said reference light intensity and said signal in- 
tensity. 

15. An apparatus for measuring a microscopic 
40 absorption distribution in an opaque specimen, 

comprising: 

a monochromatic light source capable of 
varying the wavelength of light emitted therefrom; 

means for dividing the light from said light 
45 source into two light beams; 

means for shifting the frequency of inci- 
dent light, said shift means being provided in the 
optical path of one of said two light beams; 

a co nf oca I optical system comprising two 
so convergent optical systems, said confocal optical 

system being disposed in the other optical path; 

a specimen being disposable at a position 
where light is condensed by said confocal optical 
system, said specimen being capable of being 
55 scanned relative to said confocal optical system; 

means for combining together highly direc- 
tional light emerging from said frequency shift 
means and light diverging from a measuring point 
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on said specimen and converted into parallel rays 
by said confocal optical system and projecting the 
resulting composite light in the same direction; 
and 

means for converting the composite light 5 
from said beam combining means into an electric 
signal and detecting the intensity of only an AC 
component which is equal to the shifted fre- 
quency. 

10 

16. An apparatus for measuring a microscopic 
absorption distribution in an opaque specimen, 
comprising: 

a monochromatic light source capable of 
varying the wavelength of light emitted therefrom; 15 

means for dividing the light from said fight 
source into two light beams; 

means for changing the optical path length 
at a predetermined speed, said optical path 
length changing means being provided in the opti- 20 
cal path of one of said two light beams; 

a confocal optical system comprising two 
convergent optica! systems, said confocal optical 
system being disposed in the other optical path; 

a specimen being disposable at a position 25 
where light is condensed by said confocal optical 
system, said specimen being capable of being 
scanned relative to said confocal optical system; 

means for combining together highly direc- 
tional light emerging from said optical path length 30 
changing means and light diverging from a 
measuring point on said specimen and converted 
into parallel rays by said confocal optical system 
and projecting the resulting composite light in the 
same direction; and 35 

means for converting the composite light 
from said beam combining means into an electric 
signal and detecting the intensity of only an AC 
component of a frequency corresponding to the 
optical path length changing speed. 40 

17. An apparatus for measuring a microscopic 
absorption distribution in an opaque specimen, 
comprising: 

a monochromatic light source capable of 45 
varying the wavelength of light emitted therefrom; 

a confocal optical system comprising two 
convergent optical systems, said confocal optical 
system being disposed in the optical path of light 
emitted from said light source; so 

a specimen being disposable at a position 
where light is condensed by said confocal optical 
system, said specimen being capable of being 
scanned relative to said confocal optical system; 

a highly directional optical system 55 
arranged to extract only light traveling in the direc- 
tion of travel of tight diverging from a measuring 
point on said specimen and converted into paral- 



lel rays by said confocal optical system; and 

means for detecting the intensity of light 
extracted by said highly directional optical sys- 
tem. 

18. The measuring apparatus of Claim 17, further 
comprising: 

switching means which is provided in the 
optical path of light emitted from said light source 
to switch over two optical paths from one to the 
other, said two optical paths being coaxial but 
opposite to each other in the direction of travel of 
light; 

said confocal optical system being dis- 
posed in the coaxial optical paths; 

means for taking out light transmitted 
through said specimen or light reflected and scat- 
tered by said specimen, said means being dis- 
posed at one side of said confocal optical system; 
and 

said highly directional optical system 
being disposed in the rear of said light taking-out 
means. 

19. An apparatus for measuring a microscopic 
absorption distribution in an opaque specimen, 
comprising: 

a monochromatic light source capable of 
varying the wavelength of light emitted therefrom; 

means for dividing the light from said light 
source into two light beams; 

means for shifting the frequency of inci- 
dent light said shift means being provided in the 
optical path of one of said two light beams; 

a first convergent optical system disposed 
in the other optical path to illuminate a very small 
measuring point on a specimen with condensed 
light of high directivity; 

a specimen beins disposable at a position 
where light is condensed by said first convergent 
optical system, said specimen being capable of 
being scanned relative to said first convergent 
optical system; 

a second convergent optical system 
arranged to illuminate said specimen with highly 
directional light emerging from said frequency 
shift means in the form of the same convergent 
spherical wave as that obtained from said first 
convergent optical system; 

means for combining together light emerg- 
ing from said frequency shift means and light 
diverging from the measuring point on said speci- 
men and converted into parallel rays by said sec- 
ond convergent optical system and projecting the 
resulting composite light in the same direction; 
and 

means for converting the composite light 
from said beam combining means into an electric 
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signal and detecting the intensity of only an AC 
component which is equal to the shifted fre- 
quency. 

20. The measuring apparatus of any one of Claims 5 
15, 16 and 19, wherein, with light from said scat- 
tering specimen being cut off, the intensity of light 
emerging from said frequency shift means or said 
optical path length changing means is detected to 
obtain a reference light intensity, and light 10 
obtained from said beam combining means is 
converted into an electric signal and an AC com- 
ponent which is equal to the shifted frequency or 
an AC component of a frequency corresponding 
to the optical path length changing speed is 15 
defined as a signal intensity from said specimen, 
thereby obtaining a transmission integral extinc- 
tion by use of said reference light intensity and 
said signal intensity. 
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